A quantitative analysis is performed of SOS response induced by ultraviolet radiation in Escherichia coli bacterial cells with the disordered function of translesion synthesis. The dynamics of the concentration of the basic SOS proteins is estimated for the recA, umuD, and umuC mutants of E. coli. The estimation is based on the model approaches developed earlier.
INTRODUCTION
A mutation process in Escherichia coli bacterial cells induced by various physical and chemical factors is controlled by several genes of the speciˇc DNA repair system. It is known that in E. coli, at least 40 genes are coordinately induced in response to DNA damage in a process known as the SOS response [1Ä3] . The main genes among them are lexA, recA, umuDC, uvrABCD, sulA, and polB. After the induction of the SOS system, the recA, umuD, and umuC genes become the most important in the whole SOS gene complex. The RecA and LexA proteins (the products of the lexA and recA genes) are the main regulators of SOS response [1] . Cells react to DNA damage when RecA forms nucleoproteinˇlaments with single-stranded DNA produced as a consequence of damage and mediates the cleavage of LexA. The cleavage of the LexA repressor induces the expression of the SOS genes. The gene products regulated as part of SOS response include those involved in DNA repair, induced mutagenesis, the regulation of cell division, and other functions [1] .
The umuD and umuC genes are regulated as part of SOS response, and the functions of their gene products are needed for most of mutagenesis resulting from exposure to DNA-damaging agents such as UV light [1Ä3] . Posttranslational RecA-mediated proteolytic cleavage of UmuD to UmuD is required for DNA damage-induced mutagenesis, while uncleaved UmuD is implicated in a DNA damage checkpoint [4] . Both UmuD and UmuD are able to form the UmuD 2 , UmuDD , and UmuD 2 dimmers, which form complexes with UmuC [5, 6] . The main complex responsible for the realization of induced mutagenesis in E. coli cells is UmuD 2 C (DNA polymerase V). DNA damage-induced mutagenesis results from errors introduced during the process of replicative bypass of a DNA lesion, which requires DNA polymerase III, UmuD 2 C, and RecA. This process is known as translesion synthesis (TLS) [7, 8] ; it leads to theˇxation of primary DNA lesions as mutations. The cellular mechanisms which temporarily block DNA replication and cell cycle progression after exposure to DNAdamaging agents have been shown to play an important role in mediating resistance to these agents in eukaryotes [1, 9, 10] . The inhibition of growth following DNA damage allows DNA repair to occur prior to continued DNA replication and chromosome segregation, thereby ensuring theˇdelity of these processes. Considering the most important role of the recA, umuD, and umuC genes in the process of induced mutagenesis, these genes were chosen as the subject of this research.
Many attempts to model various stages of induced mutation process in wild-type bacterial cells were made in recent years. But models able to describe mathematically induced mutagenesis in mutant bacterial cells have not yet been developed. As of today, the most detailed mathematical description of mutation process in bacterial cells is performed in [11] , where the ultraviolet induction of error-prone repair in E. coli bacterial cells is considered. In [11] , the whole sequence of events leading to theˇxation of the primary DNA lesion as a point mutation is modeled. The dynamic changes of the basic SOS protein concentrations and the process of TLS by the modiˇed replication complex are also described quantitatively. For this reason, the model developed in [11] was chosen for modeling induced mutagenesis in E. coli bacterial cells containing mutations in the key genes responsible for TLS. In the present work, ultraviolet radiation was chosen as a damaging factor, too. The main aim of this research is to estimate mathematically the in uence of mutations in the key genes responsible for TLS on the kinetics of other proteins of the SOS system in E. coli bacterial cells.
MATHEMATICAL MODEL
In our previous work, we developed a model of UV-induced mutagenesis in wild-type E. coli cells [11] . This model is based on the mathematical description of the basic ways of TLS in bacterial cells from the occurrence of the primary DNA lesion to theˇnal reaction (a gene mutation). The modeling of the kinetics of inducing a SOS signal (which is singlestranded DNA) was performed with the following dimensionless equations [11, 12] :
,
where y 0 is the normalized intracellular concentration of an inducing signal; Ψ is the uence of UV radiation energy; τ is the normalized time, and τ 2 is the normalized time of replication termination. p 1 , p 2 , p 3 , and p 4 are the normalized parameters of the equations [11] . Thus, for the induced signal dynamics, we obtained two equations: for the time before the replication cycleˇnishing (τ < τ 2 ) and for the time after replication termination (τ τ 2 ).
The dynamics of the basic SOS proteins in wild-type cells depending on time and the uence of UV radiation energy was estimated quantitatively by the following system of ordinary differential equations: The initial conditions for wild-type E. coli cells measured as number of protein molecules per cell are the following: Here y i (i = 1, . . . , 12) are the normalized intracellular concentrations of the LexA, RecA, RecA*, UmuD, UmuC, UmuD , UmuD 2 , UmuD 2 , UmuDD , UmuD 2 C, UmuD 2 C, and UmuDD C proteins, respectively; p j (j = 5, . . . , 32) are the normalized velocity constants of the proteinÄprotein interactions. The procedure of determining the values of these parameters is described in detail in [11] .
RESULTS
Calculations for recA Mutant Strains. In the case of a mutation in the recA gene, the RecA protein is absent in the cell. Thus, in Eqs. (2) we have to let the initial concentration of the RecA protein y 02 equal zero. The absence of the RecA protein leads to the absence of the RecA protease, which is responsible for the dissociation of the LexA repressor and for the cleavage of the UmuD protein. In this case, we observe the constant level which equals to the initial intracellular level for all the basic SOS proteins after UV irradiation. Thus, a mutation in the recA gene leads to the full absence of SOS response, and an increase in mutagenesis stipulated by errors during translesion synthesis is not observed in this case.
Calculations for umuD Mutant Strains. As the cells with a mutation in the umuD gene cannot produce the normal form of the UmuD protein, the levels of all the SOS protein complexes containing the products of the umuD gene are equal to zero at any moment during all the time when SOS response is observed in wild-type cells. Thus, in Eqs. (2) , let the parameters y 04 , y 07 , and y 10 characterizing the initial levels of UmuD, UmuD 2 , and UmuD 2 C proteins be equal to zero.
A mutation in umuD does not in uence the production of LexA, RecA, and RecA* proteins (Fig. 1, aÄc) , but signiˇcantly in uences the UmuC protein kinetics (Fig. 1, d) . In the absence of the UmuC protein interactions with various umuD gene products such as UmuD, UmuD , UmuD 2 , UmuDD , and UmuD 2 , we have obtained an increase in the UmuC intracellular level and very slow dissociation of the umuC gene product. A decrease in the UmuC protein level in the case of umuD mutation is determined only by its nonspeciˇc degradation.
The maximal levels of the UmuC protein intracellular concentration in umuD mutant strains in comparison with wild-type strains are presented in Table 1 .
The results were calculated for various uences of UV radiation energy. According to the obtained results, for an energy uence of 1 J · m −2 we have a 2.14-fold increase of the maximal intracellular level of the UmuC protein in umuD mutant cells in comparison with wild-type cells. For 5 J · m −2 , we obtained a 2.92-fold increase of the maximal level. Energy uences of 20 and 100 J · m −2 give a 3.53 and 3.64-fold increase, respectively. Thus, we have an absence of SOS response like in the case of a mutation in the recA gene, and the mutagenic branch of DNA repair is suppressed in umuD mutant cells. But all the other functions of the LexA, RecA, RecA*, and UmuC proteins remained in the cell.
Calculations for umuC Mutant Strains. It is known that a mutation in the umuC gene also leads to the suppression of translesion synthesis because the UmuD 2 C protein (the main compound of a modiˇed replication complex) is not synthesized like in the case of mutations in the recA and umuD genes. Cells with umuC mutations are unable to synthesize two other important regulatory complexes of the SOS system: UmuD 2 C and UmuDD C.
To calculate the kinetics of SOS proteins in umuC mutant cells, we have put the initial concentration y 05 of the UmuC protein zero. The initial intracellular level of the UmuD 2 C regulatory complex was also assumed zero. The initial concentration y 07 of the UmuD 2 protein was estimated from the mass balance in the case of wild-type cells [11] . The dimensional equation for the basal level of UmuD 2 is
where X 04 = 2.99 · 10 −22 mol and X 05 = 2.49 · 10 −23 mol are the dimensional initial concentrations of the UmuD and UmuC proteins, respectively, ε = 7.73 · 10
is the dimensional rate constant in the reaction of the UmuD protein dimerization, a 1 = 6.18 · 10 20 mol −1 · min −1 is the dimensional rate constant in the interaction between the umuC gene product and UmuD 2 protein, δ 7 = 0.015 min −1 is the rate constant in the nonspeciˇc degradation of the UmuD 2 protein [11] . In umuC mutant strains, the initial level X 05 of the UmuC protein is zero. Thus, in this case, the following formula for X 07 is true: The results calculated for umuC mutants are presented in Figs. 2, 3 . For the LexA, RecA, RecA*, and UmuD proteins, we obtained the same results as for a wild-type strain. The level of the active form of the umuD gene product is slightly higher than in wild-type cells (Fig. 3, b) . For the dimerized umuD gene products, we obtained a signiˇcant increase in their maximal intracellular concentration and longer time of the degradation of these proteins (Fig. 3, a, c, d ). Such effects could be explained by the absence of the interaction of the UmuD 2 , UmuDD , and UmuD 2 proteins with molecules of the UmuC protein. A decrease in the pool of dimerized SOS proteins is caused only by subunit exchanges between various umuD gene products and by their nonspeciˇc degradation. A comparison of the maximal level of the umuD gene products in wild-type cells and in umuC mutant strains of E. coli is presented in Table 2 .
CONCLUSIONS
A mathematical model describing the dynamics of the basic SOS proteins in E. coli cells containing mutations in the key genes responsible for translesion synthesis was developed. Thus, from the results shown above, we can conclude that mutations in the umuD and umuC genes do not affect the kinetics of the LexA, RecA, and RecA* proteins. But in this case TLS is suppressed because the main regulatory complex UmuD 2 C cannot be synthesized. In this work, for theˇrst time the dynamics of the dimerized umuD gene products in umuC mutant strains is predicted. The obtained results show that the levels of the UmuD 2 , UmuDD , and UmuD 2 proteins are much higher in umuC mutant strains than in wild-type cells. As the functions of these dimerized products are not changed in umuC mutant strains, the obtained results can be used for predicting some speciˇc cell reactions for which these umuD gene products are responsible.
The scientiˇc signiˇcance of this research is that another important step has been made towards the complex mathematical description of all aspects of the induced mutation process in bacterial cells. The mathematical model developed in [11] and extended in the present work to include mutant strains has a considerable potential for modiˇcations and can be improved as soon as new experimental data come up.
